were being produced. Lowering the number of copies of the reporter gene, or eliminating active degradation entirely, strongly improved precision.
Finally, one of the repressors, TetR, has such a strong affinity for its DNA-binding site that its levels must decline below an extremely low threshold of around five proteins per cell before its target gene is re-expressed. This makes the timing of reactivation sensitive to the loss of just a few molecules, and therefore highly stochastic. To circumvent this effect, the authors increased the threshold by adding competing TetR-binding sites on a separate 'DNA sponge' plasmid. In the original design, this sponge role was serendipitously fulfilled by the reporter plasmid. Including this sponge (minus the reporter gene) further improved precision.
All told, in the most precise of PotvinTrottier and colleagues' circuits, the standard deviation in period length was reduced from 35% of the mean to around 14%, with strikingly uniform pulse shapes and amplitudes observed. This repressilator generates a pulse of fluorescent-protein expression just once every 14 generations. Assuming a cell-cycle time of 1 hour, it would take around 7.5 days, or 180 cell cycles, for a colony of cells to accumulate a standard deviation of half a period of drift. This extraordinary precision means that even a large population of cells can remain in sync. In fact, the authors were able to visualize oscillation dynamics in a test-tube culture, and to track the history of oscillations in patterns of concentric fluorescent rings deposited as a repressilator colony grew outwards from the centre of a Petri dish. Evidently, precision does not necessarily demand circuit complexity and, in this case, even seems to benefit from minimalism.
The upgraded repressilator should provoke fresh questions. For example, cell growth rate directly affects the period of the oscillations, particularly in circuit variants in which repressors do not undergo active degradation. Is it possible to design clocks to oscillate independently of growth, without introducing additional variability?
Potvin-Trottier and colleagues' oscillator could enable dynamic analysis of natural gene circuits, by generating periodic perturbations of a gene of interest within cells. It could also become a module within larger synthetic circuits. For instance, in cell-based therapies the dynamics of drug delivery seems to have a major effect on drug specificity 12 -descendants of the upgraded repressilator could eventually enable periodic secretion of drug pulses in a human host. 
Twenty-five years of low-cost solar cells
In 1991, an energy-efficient solar cell was reported that was both simple in design and relatively inexpensive. This invention has since inspired the development of solar cells that have even higher efficiencies.
M O H A M M A D K . N A Z E E R U D D I N
A bout 85% of the world's energy requirements are currently satisfied by exhaustible fossil fuels that have detrimental consequences on human health and the environment 1 . Moreover, the global energy demand is predicted to double by 2050 (ref. 2) . International action to achieve efficient and sustainable energy is therefore imperative (see www.se4all.org). Twenty-five years ago, O'Regan and Grätzel 3 reported in Nature the landmark construction of a low-cost solar cell that could convert about 7% of the energy received from sunlight into electricity. In the past seven years, their work has inspired the production of solar cells that use compounds called perovskites 4, 5 and that can have conversion efficiencies of greater than 22% (see go.nature.com/2e3rq0e).
The basic concepts for O'Regan and Grätzel's technology were borrowed from photosynthesis, a process in which sunlight is absorbed by chlorophyll molecules and converted into chemical energy. In the authors' dye-sensitized solar cell (DSC), light is absorbed by ruthenium-based dye molecules that are deposited on the surface of titanium dioxide (TiO 2 ) nanoparticles (Fig. 1a) . At the interface between the dye and the nanoparticles, an excited electron and an associated hole (a conceptual particle formed by the absence of an electron) are produced. The electron is conducted by the TiO 2 nanoparticles to an electrode (anode) and then transferred to a counter electrode (cathode). Finally, a liquid electrolyte -a mixture of a liquid solvent and ions -closes the circuit so that the electron recombines with the hole and is returned to the dye. Electrical energy is generated as the electron moves through the DSC.
The novelty of the DSC compared with previous solar cells was the extremely large surface area that was provided for the dye molecules by the TiO 2 nanoparticles. The authors used a 10-micrometre-thick film of these nanoparticles, which had average dia meters of about 15 nm. Because of the porous structure of the film, its surface area was 780 times larger than its geometric area, analogous to the stacks of thylakoid membranes in chloroplasts in which the electron-transporting reactions of photosynthesis take place.
After O'Regan and Grätzel's results were published, initial improvements in the performance of DSCs were made by the use of mononuclear rather than trinuclear ruthenium-based dye molecules 6 , which increased the conversion efficiency from about 7% to more than 11%. A molecularly engineered 'donor-chromophore-acceptor' dye 7 , which has a similar structure to that of chlorophyll, was shown to increase the efficiency further, to 13%. The next step was to replace the liquid electrolyte with a solid hole-transporting material, to create a solid-state DSC 8 . This increased the stability of these solar cells and avoided problems associated with liquid leakage. However, the efficiencies of solidstate DSCs are about half those of their liquid counterparts 9 because the hole-transporting materials do not permeate the TiO 2 film as uniformly as liquid electrolytes do.
Years Ago
The mandibular gland secretion of the worker honeybee Apis mellifera L., contains 10-hydroxy-Δ 2 -decenoic acid and … 2-heptanone … I have shown that 10-hydroxydecenoic acid does not repel foraging honeybees but that 2-heptanone does … Foragers were strongly repelled by the odours of crushed heads and crushed mandibular glands, which contain both 2-heptanone … and 10-hydroxydecenoic acid, but were unaffected by crushed thoraces. The odour of 10-hydroxydecenoic acid neither attracted nor repelled foragers, but 150 µg of 2-heptanone repelled them as strongly as either the crushed heads or the crushed mandibular glands of ten foragers. The ability of the mandibular gland secretion of a forager to repel other foragers probably depends largely, or entirely, on its content of 2-heptanone. It is unlikely that this pheromone is used by foragers to warn others away from an exhausted food source but if, as has been reported, it plays a part in colony defence, perhaps it is released by guard bees to deter potential robbers from the honey stores. From Nature 29 October 1966
On October 20 …. large fireballs were observed. The first was seen by Mr J. E. Clark, of Purley, Surrey, and it was estimated as twice as bright as Venus … The second was seen by Mrs. Fiammetta Wilson at Totteridge, Herts, and by Mr. Denning at Bristol. It appeared as a ball of fire streaming slowly along in a level course about 8° above the northern horizon. This fireball was at a great distance from the observers, and probably over the southern region of Scotland. It probably emanated … from a radiant near Zeta Herculis low in the N.W. sky. From Nature 26 October 1916 drawbacks, such as poor material stability under excessive heat and light exposure, and toxicity because of the presence of lead.
Further advances in PSCs, through a combination of innovative steps in materials science, chemistry and device technology, could lead to a revolution in the renewable-energy sector. Solar cells have come a long way since O'Regan and Grätzel's landmark paper, and the future looks bright for PSCs as a potential means of obtaining truly renewable energy. ■ In the past seven years, the architecture of solid-state DSCs has been adapted for solar cells that, instead of dye, use perovskites -compounds that have the general formula ABX 3 , where A and B are two different positively charged ions and X is a negatively charged ion. Perovskite solar cells (PSCs; Fig. 1b) have created a tsunami effect among the photovoltaic community because of the excellent light-absorption properties of perovskites. The seminal work of the chemist Tsutomu Miyasaka and colleagues initiated this boom by producing PSCs that used liquid electrolytes 4 , and this has been followed by the transition to solid-state PSCs 5 . Several groups have demonstrated that the methyl ammonium lead triiodide (CH 3 NH 3 PbI 3 ) perovskite can be used not only as the light-absorbing material, but also as the charge-transporting material 10 . There are several PSC architectures in use today, but the highest reported conversion efficiency (greater than 22%) is based on a structure in which the perovskite is a lightabsorbing semiconductor, TiO 2 acts as the electron acceptor, and a poly(triarylamine) polymer is the hole-transporting material (see go.nature.com/2e3rq0e). PSCs have the potential to reach efficiencies of more than 25% and have been recognized by the World Economic Forum as one of the top ten emerging technologies of 2016 because of their potential to replace fossil fuels (see go.nature. com/2dpv26d). Nevertheless, PSCs have many 
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